activated receptor-␣ (PPAR␣) mediates metabolic remodeling, resulting in enhanced mitochondrial and peroxisomal ␤-oxidation of fatty acids. In addition to the physiological stimuli of fasting and high-fat diet, PPAR␣ is activated by the fibrate class of drugs for the treatment of dyslipidemia. Sirtuin 1 (SIRT1), an important regulator of energy homeostasis, was downregulated in fibrate-treated wild-type mice, suggesting PPAR␣ regulation of Sirt1 gene expression. The impact of SIRT1 loss on PPAR␣ functionality in vivo was assessed in hepatocyte-specific knockout mice that lack the deacetylase domain of SIRT1 (Sirt1 ⌬Liv ). Knockout mice were treated with fibrates or fasted for 24 h to activate PPAR␣. Basal expression of the PPAR␣ target genes Cyp4a10 and Cyp4a14 was reduced in Sirt1 ⌬Liv mice compared with wild-type mice. However, no difference was observed between wild-type and Sirt1 ⌬Liv mice in either fasting-or fibrate-mediated induction of PPAR␣ target genes. Similar to the initial results, there was no difference in fibrate-activated PPAR␣ gene induction. To assess the relationship between SIRT1 and PPAR␣ in a pathophysiological setting, Sirt1 ⌬Liv mice were maintained on a high-fat diet for 14 wk, followed by fibrate treatment. Sirt1 ⌬Liv mice exhibited increased body mass compared with control mice. In the context of a high-fat diet, Sirt1 ⌬Liv mice did not respond to the cholesterollowering effects of the fibrate treatment. However, there were no significant differences in PPAR␣ target gene expression. These results suggest that, in vivo, SIRT1 deacetylase activity does not significantly impact induced PPAR␣ activity. peroxisome proliferator-activated receptor-␣; sirtuin 1; fibrates PEROXISOME PROLIFERATOR ACTIVATED RECEPTOR-␣ (PPAR␣; NR1C1) is a member of the ligand-activated nuclear receptor superfamily of transcription factors. Although expressed ubiquitously throughout the body, PPAR␣ plays a particularly important role in lipid homeostasis by regulating genes necessary for lipid transport and fatty acid oxidation in tissues such as the liver, adipose, and muscle (19). Because the natural ligands for PPAR␣ include fatty acids, PPAR␣ is a sensor of nutrient stress and regulates a battery of genes necessary for the utilization of fatty acids in the generation of acetyl-CoA for ketogenesis (7). PPAR␣ plays a critical role in the remodeling of metabolic pathways in response to fasting. This includes regulation of genes responsible for mitochondrial and peroxisomal ␤-oxidation (15). Studies have also shown that PPAR␣ expression and activation is increased in response to high-fat diet (HFD) (22). A role for PPAR␣ in lipid metabolism in humans and as a drug target was uncovered when it was discovered that the triglyceride-lowering drugs clofibrate (Atromid-S), fenofibrate (Tricor), and gemfibrozil (Lopid) were ligands for PPAR␣, thus sparking renewed interest in the development of high-affinity PPAR␣ agonists (16). Many factors influence PPAR␣ function in response to ligand activation, including posttranslational modifications such as phosphorylation, ubiquitination, SUMOylation, and acetylation.
expression and activation is increased in response to high-fat diet (HFD) (22) . A role for PPAR␣ in lipid metabolism in humans and as a drug target was uncovered when it was discovered that the triglyceride-lowering drugs clofibrate (Atromid-S), fenofibrate (Tricor), and gemfibrozil (Lopid) were ligands for PPAR␣, thus sparking renewed interest in the development of high-affinity PPAR␣ agonists (16) . Many factors influence PPAR␣ function in response to ligand activation, including posttranslational modifications such as phosphorylation, ubiquitination, SUMOylation, and acetylation.
Sirtuin 1 (SIRT1) is the mammalian NAD ϩ -dependent deacetylase homolog of yeast Sir2p that came to prominence when it was identified as a critical determinant of aging in yeast (14) . In mammals, SIRT1 serves as a sensor of nutrient status, as it is activated by increased intracellular NAD ϩ concentrations that are seen during fasting and calorie restriction (8) . SIRT1 also has a complex role in tumorigenesis due to its involvement in DNA damage repair as well as inactivation of p53 (21, 32, 33) . Since the identification of p53 as the first non-histone target of SIRT1, a large number of transcription factors involved in lipid metabolism have been identified as SIRT1 targets, including PPAR␥, PPAR␥ coactivator-1␣ (PPARGC1A), sterol regulatory element-binding transcription factor 1 (SREBF1), forkhead box (FOX) transcription factors, and PPAR␣ (12) . PPAR␣ is deacetylated by SIRT1, and hepatic loss of SIRT1 was reported to result in decreased expression of PPAR␣ target genes involved in fatty acid oxidation in vitro (27) . Additionally, cell culture experiments suggest that PPAR␣ may also positively regulate Sirt1 expression (10) .
The current study investigated the potential impact of Sirt1 disruption on the pharmacological and physiological activation of PPAR␣ in rodent models. However, lack of hepatic Sirt1 did not significantly impact the physiological responses associated with PPAR␣ activation induced by ligand treatment, fasting, or HFD.
MATERIALS AND METHODS

Animals and treatments.
Six-to eight-week-old wild-type (WT) or Ppara-null (Ppara Ϫ/Ϫ ) mice on the 129/Sv background were described previously (18) . The floxed exon 4 Sirt1 allele (Sirt1 F/F ) mouse line on a C57BL6/129 background (B6; 129-Sirt1 tm1Ygu /J) was obtained from The Jackson Laboratory and crossed with mice carrying the albumin-cre transgene to generate hepatic-specific mutant Sirt1 (Sirt1 ⌬Liv ) mice (37) . The Sirt1 ⌬Liv mice express a truncated form of SIRT1 that lacks the deacetylase domain (unpublished data), similar to results obtained by another laboratory (27) . A second liver-specific Sirt1 knockout mouse line (Sirt1 F/F;Deng and Sirt1 ⌬Liv;Deng ) on a 129/Sv background in which exons 5 and 6 are disrupted generates nearly complete loss of the SIRT1 protein in liver (35) .
Mice (6 -8 wk old) were provided a grain-based diet containing 0.1% WY-14643 or 0.5% fenofibrate (FF) ad libitum. In addition, 9-mo-old (aged) control mice (Sirt1 F/F ) and Sirt1 ⌬Liv mice were treated for 5 days with the 0.1% WY-14643 diet. To study the effects of mutant SIRT1 on long-term PPAR␣ activation, 6-to 8-wk-old mice were fed the 0.1% WY-14643 diet for 3 mo. Serum was collected from all mice in the fed state prior to euthanization. For fasting studies, food was removed from 8-wk-old mice for either 0 or 24 h starting at the onset of the light cycle. After fasting, animals were euthanized and samples collected. For HFD studies, 8-wk-old mice were placed on a 60% HFD for 14 wk (Ser 3282 ; Bio-Serv, Frenchtown, NJ). Body weight measurements were taken weekly. After 14 wk, glucose and insulin tolerance tests were performed. Mice were then fed the standard chow diet containing 0.1% WY-14643 diet or left on the standard control grain diet for 5 days. Body composition of control groups was measured using an EchoMRI-3in1 quantitative magnetic resonance system (EchoMRI, Houston, TX). Following WY treatment, all groups were euthanized and samples collected for analysis. Mice were housed in a temperature-and light-controlled vivarium and given food and water ad libitum. All animal studies were carried out in accordance with and the approval of the National Cancer Institute Animal Care and Use Committee.
Lipid analysis. Serum chemistry analysis for the total cholesterol, triglycerides, and nonesterified free fatty acids (NEFA) was performed on fresh serum using Wako Clinical Diagnostics kits (Wako USA, Richmond, VA). For analysis of liver lipid content, 20 mg of frozen liver was homogenized in 200 l of 50 mM Tris ϩ 1% Triton-X 100 buffer and incubated for 1 h at room temperature with shaking. Two microliters of the suspension was used for analysis using the same Wako Clinical Diagnostic kits as those used for serum analysis.
Glucose and insulin tolerance tests. Tolerance tests were performed on mice following 14 wk on HFD. For glucose tolerance [intraperitoneal glucose tolerance test (IPGTT)], mice were fasted overnight, weighed, and given an intraperitoneal injection of glucose (1 mg/kg body wt). Blood glucose levels were measured by tail bleed at 0, 15, 30, 60, 90, and 120 min using a Contour blood glucose meter (Bayer, Mishawaka, IN). Insulin tolerance tests (ITT) were performed after fasting mice for 6 h. Mice were weighed and given a 1 U/kg insulin injection. Blood glucose measurements were taken by tail bleed at 0, 15, 30, 45, 60, 90, and 120 min. GraphPad Prism 6 software (GraphPad Software, La Jolla, CA) was used to calculate the area under the curves.
RNA analysis. Total RNA was isolated from frozen liver using the RNeasy mini kit (Qiagen, Valencia, CA). One microgram of RNA was reverse transcribed and used for quantitative RT-PCR analysis. Primers were designed for gene specificity and to cross exon-exon junctions using Primer-BLAST (National Center for Biotechnology Information). Sirt1 primers were designed to target recombinase excised exon 4. Results are normalized to actin gene expression. Values given are fold over control or relative expression value, where appropriate, calculated using the 2 ⌬CT quantitative PCR calculation method (24) .
Western blot analysis. Whole cell extracts were prepared from frozen livers using RIPA buffer. Fifty micrograms of protein was loading on 4 -12% Criterion TGX Precast Gel (Bio-Rad, Hercules, CA). Following transfer to polyvinylidene difluoride membranes, blots were blocked in 5% nonfat milk, followed by overnight incubation in primary antibody at 4°C. Primary antibodies used are ␣-SIRT1 (07-131; Millipore, Temecula, CA) and ␣/␤-actin (ab8227; Abcam, Cambridge, MA). Densitometry was performed on the resulting Western data using Image J (version 1.47m) image analysis software. Density measurements for SIRT1 protein levels were normalized to ␤-actin expression.
Immunohistochemistry. Liver tissue was fixed in 10% phosphatebuffered formalin for 24 h and then processed in paraffin blocks. Four-micrometer sections were used for hematoxylin and eosin staining and immunohistochemistry. A rabbit anti-human ki67 antibody (ab16667; Abcam) was used for immunohistochemical detection of proliferation. For each liver section, 10 microscope fields (ϫ200) were counted for ki67 staining and overall hepatocyte nuclei number. Proliferation index is indicated as the average percentage of ki67-positive nuclei in a liver section for each mouse.
Statistical analysis. All results are expressed as means Ϯ SD. Significance was determined by t-test or one-way ANOVA with Bonferroni posttest using Prism 6.0 software (GraphPad Software,). A P value of Ͻ0.05 was considered significant.
RESULTS
PPAR␣ influences Sirt1 gene expression.
Initial concerns over the ability of fibrates to initiate hepatomegaly and hepatocellular carcinoma in rodent models prompted extensive study into the mechanism of carcinogenicity of these compounds (16) . Studies using Ppara Ϫ/Ϫ knockout mice revealed the requirement for PPAR␣ in fibrate-induced hepatocellular carcinoma in rodents (18, 23) . In an effort to understand the species-specific effects of fibrates, gene expression was assessed in livers from mice treated for 5 days with FF, a PPAR␣-specific agonist. Among several DNA repair-associated genes that were regulated after FF treatment (unpublished data), a 30% decrease in the expression of Sirt1 was of particular interest due to a previous report of SIRT1-mediated regulation of PPAR␣ (27) . To further assess the repression of Sirt1 expression, WT and Ppara Ϫ/Ϫ mice were fed a diet containing 0.5% FF, a clinically relevant albeit less potent PPAR␣ agonist, or 0.1% WY-14643 (WY), a highly potent PPAR␣ agonist, for 5 days. Sirt1 expression was reduced following both FF and WY treatment (Fig. 1A) . The known PPAR␣ target gene Acox1 was included as a positive control to confirm the PPAR␣-dependent regulation by WY and FF. Western blot analysis confirmed reduction in SIRT1 protein (110 kDa) after both FF and WY treatment (Fig. 1B) . Densitometry analysis indicates a 40 -60% decrease in SIRT1 levels when normalized to ␤-actin expression. A liver sample from a 24-h fasted mouse was used as a positive control for SIRT1 upregulation, and Sirt1 ⌬Liv liver was used to confirm antibody specificity. Interestingly, Sirt1 expression was also reduced in Ppara Ϫ/Ϫ mice. Ppara disruption abrogated the FF reduction in Sirt1 expression, whereas WY treatment increased Sirt1 expression slightly in Ppara Ϫ/Ϫ mice. The role of SIRT1 in PPAR␣ activation in mice. SIRT1 was shown to interact with PPAR␣ and positively regulate PPAR␣ ligand activation in primary hepatocytes (27) . Given the potential reciprocal regulation between SIRT1 and PPAR␣, the effect of hepatic SIRT1 inactivation on PPAR␣ activation by WY was investigated in vivo. Mice carrying the floxed exon 4 of Sirt1 (Sirt1 F/F ) were crossed with albumin-cre recombinase mice to generate hepatocyte-specific Sirt1 mutant mice (Sirt1 ⌬Liv ) that express a truncated form of SIRT1 lacking the deacetylase domain. Sirt1 ⌬Liv mice have elevated serum cholesterol levels compared with the floxed control mice ( Fig. 2A ), in accord with findings in a similarly generated hepatocytespecific Sirt1 knockout mouse (27) . Young (6 -8 wk old) male mice were treated for 5 days with the PPAR␣ agonists WY and FF. PPAR␣ activation is known to cause hepatomegaly in mice, as evidenced by the increased liver/body mass ratio ( Fig.  2A ). There was no significant difference in liver body/mass ratio between floxed and Sirt1 ⌬Liv mice after WY treatment. Sirt1 ⌬Liv mice treated with FF did have a slightly lower liver/body mass ratio. PPAR␣ ligand treatment resulted in the expected lowering of serum lipid levels, and there was no difference between genotypes in this response ( Fig. 2A) . Liver lipid content was also measured, and no difference was observed between genotypes in regard to hepatic fibrate response (Fig. 2B) .
Next, the impact of mutant SIRT1 on PPAR␣ target gene expression was examined. The basal expression of Cyp4a10, Cyp4a14, and c-Myc was reduced in Sirt1 ⌬Liv mice (Fig. 3 ). However, despite this impact on basal gene expression, there was no influence of SIRT1 mutation on WY or FF induction of mRNAs encoded by the PPAR␣ target genes Acox, Cyp4a10, Cyp4a14, Cpt2, Mcad, L-Fabp, and Pdk4 assessed in addition to the indirect target c-Myc. In addition, Foxo3 and Ppargc1a (PGC-1␣) expression was equally downregulated after fibrate treatment in both Sirt1 F/F and Sirt1 ⌬Liv mice. SIRT1 function is closely associated with the aging process in yeast, C. elegans, Drosophila, and mammals (12) . Additionally, the effects of Sirt1 mutations or genetic knockouts on lipid metabolism were reported to be more pronounced when older mice (Ͼ6 mo of age) were studied (28, 35) . To examine the possibility that the role of hepatic SIRT1 in aging could influence PPAR␣ activation, 9-mo-old Sirt1 F/F and Sirt1 ⌬Liv mice were treated for 5 days with WY. Aged Sirt1 ⌬Liv mice have a significantly more pronounced increase in serum cholesterol and triglyceride concentrations (Fig. 4A) . However, in agreement with the results in young mice, there was no significant difference between Sirt1 F/F and Sirt1 ⌬Liv mice in liver/ body mass ratio or serum lipid levels after WY treatment (Fig.   4A ). Notably, there was an increase in liver NEFA levels in the Sirt1 ⌬Liv mice treated with WY compared with their Sirt1 F/F counterparts (Fig. 4B) . PPAR␣ target gene expression was also analyzed in the aged mice (data not shown). Although no differences in basal expression between the genotypes were observed in the aged mice, there was a statistically significant reduction in the induction of Cyp4a14 from 35-fold in Sirt1
The role of SIRT1 in fibrate-induced hepatic proliferation.
In rodents, long-term PPAR␣ activation leads to hepatocyte proliferation and eventually hepatocellular carcinoma in a PPAR␣-dependent manner (23) . SIRT1 was proposed initially to be a tumor promoter due to its inhibitory effects on p53 function. F/F and Sirt1 ⌬Liv mice were treated with WY or fenofibrate for 5 days. RT-qPCR analysis was performed on liver samples, and values were normalized to ␤-actin and expressed as fold change from Sirt1 F/F mice. Significant differences between control and WY or FF treatment are indicated (*P Ͻ 0.05). Significant differences between Sirt1 F/F and Sirt1 ⌬Liv mice are indicated ( †P Ͻ 0.05).
However, in vivo mouse tumorigenesis models indicate that SIRT1 activity is actually tumor suppressive (21, 33, 34) . Additionally, c-Myc gene expression, one component of WYinduced hepatocyte proliferation, was slightly reduced in young Sirt1 ⌬Liv control mice (Fig. 3 ) (30) . To examine a potential role for SIRT1 in PPAR␣-mediated fibrate-induced hepatocyte proliferation, Sirt1 F/F and Sirt1 ⌬Liv mice were treated with WY for 3 mo. As was seen with short-term WY treatment, there was no significant difference in serum or lipid chemistries between Sirt1 F/F and Sirt1 ⌬Liv mice (Fig. 5, A and B) . Similarly, induction of seven PPAR␣ target genes and c-Myc mRNA was not affected by the SIRT1 mutation (data not shown). To assess hepatocyte proliferation, immunohistochemical staining for the proliferation marker Ki67 was performed on the livers (Fig. 6A ). There was no statistically significant difference in Ki67 staining between Sirt1 F/F and Sirt1 ⌬Liv mice treated with WY for 3 mo (Fig. 6B) . Complete loss of hepatic SIRT1 reproduces results obtained with the deacetylase-deficient SIRT1 mice. Although Sirt1 ⌬Liv mice have slightly reduced basal expression of several PPAR␣ target genes, there was no effect of this SIRT1 mutation on fibrate-induced gene expression. To examine the possibility that domains other than the deacetylase domain of SIRT1 are critical for ligand-activated PPAR␣ function, a second hepatocyte-specific Sirt1 knockout mouse strain was tested. The Sirt1 ⌬Liv;Deng mouse is a hepatocyte-specific Sirt1 knockout in which exons 5 and 6 were disrupted, resulting in nearly complete loss of the entire SIRT1 protein (35) . Basally, there was no statistically significant difference in serum lipid concentrations between 6-and 8-wk-old Sirt1 F/F;Deng and Sirt1 ⌬Liv;Deng mice (Fig. 7A) . Serum triglyceride levels are reported to be elevated at 9 mo of age, but earlier time points were not reported (35) . However, liver triglyceride content was elevated in Sirt1 ⌬Liv;Deng mice at 6 -8 wk of age, consistent with the previous report (Fig. 7B) . Following 5 days of WY treatment, there was no difference in serum triglyceride and cholesterol levels between Sirt1 F/F;Deng and Sirt1 ⌬Liv;Deng mice (Fig. 7A) . Serum NEFA levels were slightly elevated in Sirt1 ⌬Liv;Deng mice after WY treatment compared with control floxed mice. There was no difference in liver lipid accumulation after WY treatment between Sirt1 F/F;Deng and Sirt1 ⌬Liv;Deng mice (Fig. 7B) . Finally, PPAR␣ target gene expression was assessed. Unlike Sirt1 ⌬Liv mice, there was no statistically significant difference in basal expression of PPAR␣ target genes between Sirt1 F/F;Deng and Sirt1 ⌬Liv;Deng mice (Fig. 8 ). Only Pdk4 induction was reduced in Sirt1 ⌬Liv;Deng mice compared with flox after 5 days of WY treatment. The difference in basal regulation of PPAR␣ target genes may be related to differences in strain background between Sirt1 ⌬Liv mice on a C57BL6 background and the Sirt1 ⌬Liv;Deng mice on a 129 background.
SIRT1 deacetylase activity and PPAR␣ activation during fasting. To address the relationship between SIRT1 and PPAR␣ in a physiologically relevant setting, Sirt1 F/F and Sirt1 ⌬Liv mice were fasted for 24 h. Serum and liver lipid levels were analyzed following fasting (Fig. 9, A and B, respectively). As expected, there was a significant increase in liver triglycerides in both groups. Liver cholesterol and NEFA levels, as well as serum triglycerides, did not change in response to fasting in either group. There was a slight but significant increase in liver/body mass ratio in WT but not Sirt1 mutants. There was also a slight increase in serum cholesterol levels in SIRT1 mutants and an increase in serum NEFA for both groups after fasting. NEFA levels were shown previously to increase after fasting, and NEFA concentrations are elevated further in the absence of PPAR␣ activity (15) . If SIRT1 was responsible for regulating PPAR␣ activity, then the lack of functional SIRT1 would be expected to further contribute to elevated serum NEFAs. A number of known PPAR␣ target genes were positively regulated after fasting, including Acox1, Cpt2, Mcad, LFabp, Pdk1, and cMyc, confirming PPAR␣ activation in response to fasting (Fig. 10) . However, there was no discernable difference between Sirt1 F/F and Sirt1 ⌬Liv expression levels. Cyp4a10 and Cyp4a14 were also upregulated in response to fasting, and in accord with our previous observations, basal levels were significantly lower in SIRT1 mutant animals. Furthermore, although both were upregulated in response to fasting conditions, the level of upregu- lation was slightly lower than in WT animals. Foxo3 and Ppargc1a expression was equally downregulated after fasting in both Sirt1 F/F and Sirt1 ⌬Liv mice (Fig. 10) . Foxo4 expression was also downregulated after fasting, but only in Sirt1 ⌬Liv (data not shown). Effects of SIRT1 on PPAR␣ activation during HFD-induced obesity. SIRT1 expression is protective against metabolic syndrome. Transgenic mice overexpressing SIRT1 are resistant to HFD-induced metabolic damage (25) . Conversely, studies have shown that mice lacking SIRT1 are more susceptible to obesity and insulin resistance (20) . PPAR␣ has also been shown to play an important role during chronic high-fat feeding. Mice on HFD have increased expression of PPAR␣ and PPAR␣-dependent increases in target genes involved in fatty acid oxidation (22) .
To further elucidate the relationship between SIRT1 and PPAR␣, Sirt1 F/F and Sirt1 ⌬Liv mice were maintained on a HFD containing 60% fat for 14 wk and then switched to either the WY-containing diet or the control grain diet for 5 days. Both Sirt1 F/F and Sirt1 ⌬Liv gained significant weight over the course of the study (Fig. 11A) . However, there was not a statistically significant difference in percent weight gain between the two groups (Fig. 11B) . Sirt1 ⌬Liv gained significantly more mass than WT animals, and EchoMRI measurements of control vs. SIRT1 mutants revealed that the difference in mass was the result of increased fat (Fig. 11C) . Lean mass of both groups was not significantly changed. IPGTT and ITT were performed on each group of animals after 14 wk on HFD (Fig. 11, D and E). Although there was not a statistically significant difference between groups for either test, it appeared as though the mutant animals trended toward being glucose insensitive and insulin resistant, which is similar to previously published data (27) .
After 14 wk on HFD, Sirt1 F/F and Sirt1 ⌬Liv animals were switched to the WY diet or left on the HFD diet for 5 days. Sirt1 ⌬Liv exhibited significantly higher serum cholesterol levels than WT animals after WY treatment (Fig. 12A) . Differences in serum cholesterol levels have been reported previously in conventional SIRT1 heterozygous knockout (Sirt1 ϩ/Ϫ ) animals on HFD (36) . Serum triglyceride and NEFA levels did not change between groups. HFD serum and liver triglyceride levels were three-and 10-fold higher, respectively, than the concentrations we observed previously in mice on regular diet (Fig. 2, A and B) . Surprisingly, we did not see a significant drop in serum triglycerides after WY treatment. It is possible that prolonged WY treatment is required for effective reduction of triglyceride levels in obese mice. There was also no discernible difference in liver cholesterol or triglyceride concentrations (Fig. 12B) . WY treatment did cause a significant increase in liver NEFA levels in both WT and mutant animals. Gene expression analysis showed a significant increase in PPAR␣ target gene expression, although fold inductions were considerably lower compared with young mice fed a regular chow diet (Figs. 3 and 13) (Fig. 13) .
DISCUSSION
The fibrate class of drugs has been used clinically for more than 40 years to treat hypertriglyceridemia. These drugs leverage PPAR␣ regulation of key lipid transport and oxidation pathways to lower circulating triglyceride levels and improve HDL cholesterol numbers. There is a complex, Fig. 7 . Complete deletion of SIRT1 protein does not influence physiological response to short-term PPAR␣ agonist treatment. WT (Sirt1 F/F;Deng ) and liver-specific Sirt1 knockout (Sirt1 ⌬Liv;Deng ) mice were treated with WY for 5 days. A: liver/body mass ratio and serum triglyceride, cholesterol, and NEFA concentrations. B: hepatic concentrations of total triglycerides, cholesterol, and NEFA. Significant differences between control and WY treatment are indicated (*P Ͻ 0.05). Significant differences between Sirt1 F/F;Deng and Sirt1 interactive network of factors that interact with PPAR␣ to achieve these physiological results, including the retinoid X receptor, various histone acetylases (i.e., p160/SRC and CBP/p300), and histone deacetylases (i.e., NCoR and SMRT) as well as coactivators like PPARGC1A (PGC-1␣). Given the potential regulation of Sirt1 by PPAR␣ identified in this work as well as a previous report of SIRT1 regulation of PPAR␣ function, it seemed likely that loss of SIRT1 deacetylase activity would have a significant impact on the physiological response to PPAR␣ activation in vivo (27) . To test this hypothesis, hepatocyte-specific SIRT1 mutant (Sirt1 ⌬Liv ) mice were generated, in which the deacetylase domain of SIRT1 was deleted. These mice recapitulated the increased serum cholesterol levels and lowered the basal expression of several PPAR␣ target genes seen in a previously generated hepatocyte-specific SIRT1 mutant mouse line (27) . However, despite various treatment conditions, the loss of SIRT1 had no significant impact on the physiological response to PPAR␣ activation via fasting or fibrate treatment during control or HFD-fed conditions in mice, as revealed by serum and liver lipid levels. However, there was a slight reduction in the liver/body mass ratio after fibrate treatment in Sirt1 ⌬Liv mice compared with Sirt1 F/F mice, suggesting an effect of SIRT1 on fibrate-induced hepatomegaly. In rodents, prolonged PPAR␣ activation induces hepatomegaly, hepatocyte proliferation, and eventually hepatocarcinoma. Furthermore, SIRT1 deacetylates p53, resulting in lowered p53 activity, which plays a role in cell proliferation. To assess the potential impact of SIRT1 mutation on fibrate-induced hepatocyte proliferation, mice were treated for 3 mo with WY. However, after prolonged PPAR␣ activation, no difference was observed between genotypes with regard to ki67 staining, a marker of cell proliferation.
Further confirming the physiological data, there was no significant effect of SIRT1 mutation on the induction of PPAR␣ target genes, although basal expression of the Cyp4a genes was generally repressed in Sirt1 ⌬Liv mice at Fig. 8 . No change in induction of PPAR␣ target genes in the absence of SIRT1. Sirt1 F/F;Deng and Sirt1 ⌬Liv;Deng mice were treated with WY for 5 days. RT-qPCR analysis was performed on liver samples, and values were normalized to ␤-actin and expressed as fold change from Sirt1 F/F mice. Significant differences between control and WY treatment are indicated (*P Ͻ 0.05). Significant differences between Sirt1 F/F;Deng and Sirt1 ⌬Liv;Deng mice are indicated ( †P Ͻ 0.05).
6 -8 wk, 3 mo, and 9 mo of age. Moreover, Cyp4a10 and Cyp4a14 induction after fasting was reduced in Sirt1 ⌬Liv mice compared with floxed control animals. The consistency in repression of Cyp4a genes may be an indication of a distinct PPAR␣ transcriptional complex present on these promoters compared with other target genes such as Pdk4 and Acox1. Interestingly, 5-aminoimidazole-4-carboxyamide-ribonucleoside (AICAR), an adenosine analog activator of AMP-dependent protein kinase (AMPK), was shown to induce Cyp4a10 and Cyp4a14 gene expression independent of AMPK activation through indirect activation of PPAR␣ in primary hepatocytes (2) . Although that mechanism of Cyp4a induction was shown to be AMPK independent, AICAR activation of AMPK leads to increased NAD ϩ , which in turn activates SIRT1 activity, providing an additional potential mechanism of Cyp4a gene regulation that may exist in vivo (3).
The possibility that SIRT1 plays a structural role for anchoring or recruiting of other factors to the PPAR␣ transcriptional complex was investigated using hepatocyte-specific knockout mice lacking the entire SIRT1 protein (Sirt1 ⌬Liv;Deng mice that may be attributed to differences in the background strains. The background strain of the mice (e.g., 129 vs. C57B6) is the most likely contributor to minor differences in serum and hepatic lipid levels and gene expression responses between the two Sirt1 knockout mouse lines. Indeed, it has been shown that 129 mice absorb cholesterol more efficiently than C57B6 mice and that C57B6 mice have higher activity levels of SREBP-1c and SCD-1 (1, 13). The lack of Cyp4a10 and Cyp4a14 basal downregulation in Sirt1 ⌬Liv;Deng suggests that a factor important for Cyp4a10 and Cyp4a14 basal expression is differentially expressed between 129 and C57B6 mice. SREBP-1c is a tempting candidate, as it is a direct target of SIRT1 deacetylase activity (26) ; however, SIRT1 inactivation leads to increased SREBP-1c activity and thus is not likely to be responsible for the loss of Cyp4a10 and Cyp4a14 in Sirt1 ⌬Liv mice. Thus, the basal regulation of Cyp4a10 and Cyp4a14 involves unique factors not associated with other PPAR␣ target genes.
SIRT1 activity is known to play an important role in energy homeostasis, and overexpression protects against metabolic syndrome. Conversely, studies have shown that SIRT1 knockout mice are more susceptible to HFD-induced obesity. PPAR␣ is a major regulator of hepatic lipid metabolism. As such, PPAR␣ expression and activation are significantly increased under a HFD (22) . To elucidate the relationship between SIRT1 and PPAR␣ in a pathophysiological setting, Sirt1 F/F and Sirt1 ⌬Liv mice were given a HFD containing 60% fat for 14 wk and then transferred to either a WY-containing diet or a standard control grain diet for 5 days. Results indicated that SIRT1 mutant mice gained significantly more weight than the wild-type animals. MRI results revealed that the difference in weight was due to an increase in fat and not lean mass. This data correspond with previous studies investigating mice lacking functional SIRT1 (27, 36) . Glucose homeostasis in SIRT1 mutant mice was not significantly different from wild-type counterparts, as assessed by glucose and insulin tolerance tests. There was a trend suggesting glucose intoler- Fig. 9 . Deacetylase activity of SIRT1 has minor influence on physiological response to fasting. WT (Sirt1 F/F ) and liver-specific Sirt1 mutant (Sirt1 ⌬Liv ) mice were fasted for 24 h. A: liver/body mass ratio was measured as well as serum triglyceride, cholesterol, and NEFA concentrations. B: hepatic concentrations of total triglycerides, cholesterol, and NEFA. Significant differences between fed and fasted mice are indicated (*P Ͻ 0.05). Significant differences between Sirt1 F/F and Sirt1 ⌬Liv mice are indicated ( †P Ͻ 0.05).
ance and insulin resistance, but the results failed to reach statistical significance. A corresponding trend toward glucose intolerance was observed in a previous study using a similar SIRT1 mouse model after 11 wk on HFD (27) . In addition, that study did not observe any differences in serum or liver triglycerides and NEFAs between wild-type and liver-specific SIRT1 knockout mice on HFD. Lipid levels in serum and liver were mostly unaffected by the absence of SIRT1 activity in the present study. Serum cholesterol levels were significantly elevated in Sirt1 ⌬Liv mice compared with Sirt1 F/F after 5 days of WY treatment, whereas the previous study noted a significant increase in liver but not serum cholesterol (27) . PPAR␣ activators are known to reduce adiposity in rodent models of diabetes and obesity by increasing fatty acid oxidation and lipolysis (9, 17) . Because HFD increased fat mass, particularly in the Sirt1 ⌬Liv mice, the liberation of lipids from the adipose tissue may confound the serum lipid profiles. In accord with the above fibrate and fasting studies, SIRT1 activity did not appear to significantly affect PPAR␣-mediated gene regulation after HFD or HFD with WY treatment. HFD increased the basal expression of most of the PPAR␣ target genes, thereby reducing the fold change induction with WY treatment and possibly obscuring the previously observed reduction in basal gene expression of Cyp4a10 and Cyp4a14. The lipid profile and gene expression results may be confounded by the change in diet from HFD to a lower-fat grain diet containing WY. However, given the numerous conditions tested in this study, the lack of an effect of SIRT1 mutation on PPAR␣ activation is not related to the change in the basal diet during the HFD study. In contrast to the minimal impact SIRT1 has on ligandactivated PPAR␣ transcriptional function, we demonstrate a reduction in SIRT1 mRNA and protein levels after fibrate treatment. In times of energy stress, as occurs during fasting, intracellular nicotinamide adenine dinucleotide levels (NAD ϩ ) rise. Because SIRT1 deacetylase activity is dependent on NAD ϩ availability, increased NAD ϩ levels correlate with increased SIRT1 activity (11) . In addition to regulating enzymatic activity, NAD ϩ levels serve as a transcriptional signal. Indeed, Sirt1 gene expression was shown to be negatively regulated by HIC1/CTBP in conjunction with lowered NAD ϩ intracellular levels (5). However, activation of PPAR␣ by fibrates leads to increased hepatic NAD ϩ levels as well as increased urinary excretion of NAD ϩ metabolites (31) . This suggests that PPAR␣ activation would lead to increased SIRT1 activity rather than repression of Sirt1 transcription.
Adding to the perplexing nature of PPAR␣-mediated regulation of Sirt1 expression was the finding that the basal level of Sirt1 mRNA was also repressed in Ppara Ϫ/Ϫ mice (Fig. 1A) . Interestingly, studies have reported an increase in SIRT1 and SIRT3 protein levels after fasting, another situation where PPAR␣ activation is expected to occur, underscoring the complexity of these regulatory networks (4) . Given the contrasting data between synthetically activated PPAR␣ and genetically deleted PPAR␣ expression on SIRT1 expression, the question of off-target effects of fibrates arises. Indeed, numerous reports on the PPAR␣-independent effects of fenofibrate on nonhepatocyte cells utilizing the Ppara Ϫ/Ϫ mice exist (6, 29, 38) . Sirt1 expression increased slightly in Ppara Ϫ/Ϫ mice treated with WY, indicating that WY may impact Sirt1 expression in a PPAR␣-independent manner. In contrast, the effects of fenofibrate on Sirt1 expression were completely abolished in Ppara Ϫ/Ϫ mice, suggesting that fenofibrate's actions on SIRT1 expression are completely dependent on PPAR␣.
In summary, this study revealed that PPAR␣ regulates Sirt1 expression. This implicates PPAR␣ in the posttranslational regulation of a myriad of factors deacetylated by SIRT1, including histones 1-3, PPARGC1A, FOXO1-4, liver X receptor, sterol regulatory element binding factor-1, and PPAR␣, adding to the already significant influence that PPAR␣ activation has on lipid metabolism. A previous study showed that PPAR␣-mediated gene regulation in response to WY was SIRT1 dependent in primary hepatocytes (27) . However, the present work does not support a major role for SIRT1 activity with regard to PPAR␣-mediated gene expression or lipid metabolism in vivo in response to fibrates. Although no significant impact of SIRT1 on PPAR␣ activation by fibrates was demonstrated, there is consistent evidence to suggest that SIRT1 is involved in the basal expression of Cyp4a genes. Fig. 12 . Deacetylase activity of SIRT1 has minor influence on physiological response to PPAR␣ activation after 14 wk on HFD. WT (Sirt1 F/F ) and liver-specific Sirt1 mutant (Sirt1 ⌬Liv ) mice were fed 60% HFD for 14 wk and then switched to WY diet or control diet for 5 days. A: liver/body mass ratio was measured as well as serum triglyceride, cholesterol, and NEFA concentrations. B: hepatic concentrations of total triglycerides, cholesterol, and NEFA. Significant differences between HFD and HFD with WY treatment are indicated (*P Ͻ 0.05). Significant differences between Sirt1 F/F and Sirt1 
